Introduction
============

During anther development, the male sporophyte and the gametophyte tissues undergo unique biological processes, including specific cell divisions, i.e. meiosis and division of the haploid nuclei, cell differentiation of the male gametophyte, cell--cell communication between the tapetum (TAP) and the microspore/pollen (MS/POL), and cell death of TAP cells (Goldberg et al. 1993). The surrounding sporophyte tissues largely support MS/POL development. In particular, TAP cells, which directly associate with the MS/POL, not only provide physical support, but also provide materials and nutrients to the MS/POL.

Although several phytohormones are known to have essential roles during these processes, there is currently no inclusive study of their involvement in anther development. In this study, we analyzed the endogenous level of four kinds of phytohormones, namely indole-3-acetic acid (IAA), gibberellins (GAs), cytokinins (CKs) and abscisic acid (ABA), in the mature rice anther. Data from the 44K microarray combined with the laser microdissection technique (LM-array analysis) of MS/POL and TAP in rice (Suwabe et al. 2008) provided us with an opportunity to analyze further the cell type-specific expresion profiles of the biosynthetic and signaling genes for auxin, GAs, CKs, ABA, brassinosteroids (BRs), ethylene, and jasmonic acids (JAs). These analyses shed light on the overall feature of phytohormone synthesis and signaling during the developmental processes of MS/POL and TAP.

Results
=======

Measurement of endogenous levels of phytohormones in the anther
---------------------------------------------------------------

The endogenous levels of IAA, GAs, CKs, and ABA in the whole anther at the mature tricellular POL stage (TC) were measured ([**Table 1**](#T1){ref-type="table"}). At this stage, degradation of TAP has been completed, and consequently POL cells should be the major container of phytohormones in the anther. For comparison, the endogenous levels of the same phytohormones were also measured in the leaf blade and the pistil. A high level of GA~4~, the 13-non-hydroxylated bioactive GA, but not GA~1~, the 13-hydroxylated bioactive GA, was detected in the anther, whereas a low level of GA~1~ but not GA~4~ was detected in the leaf blade. This is consistent with previous reports of GA~1~ acting dominantly during the vegetative stages of rice, and GA~4~ being the predominant bioactive GA in the reproductive organ of rice (Kobayashi et al. [@B59], Nakajima et al. [@B82], Hasegawa et al. [@B34]). Results also showed a consistently higher level of 13-non-hydroxylated GAs (GA~24~ and GA~9~) compared with their 13-hydroxylated counterparts (GA~19~ and GA~20~, respectively), indicating the higher activity in the 13 non-hydroxylation pathway. More importantly, this phenomenon suggests a GA synthesis pathway in the rice anther that proceeds differently relative to that in the other rice organs. Surprisingly, the level of endogenous GA~4~ in the anther at the TC stage (98.27 ± 6.60 ng g^−1^ FW) was 140 times higher than that of GA~1~ in the leaf blade. Such a high level of accumulation of GA has never been detected in other tissues of any plant species (Bensen et al. [@B8], Waycott et al. 1990, Smith et al.[@B111]). In the pistil, the level of GA~1~ was similar to that in the leaf blade, whereas the amount of GA~4~ was 16 times higher compared with the GA~1~ level. However, the levels of GA~4~ and other 13-non-hydroxylated GAs in the pistil were significantly lower than those in the anther. These results indicate that rice predominantly uses GA~4~ in the floral organs. Table 1Levels of phytohormones in the anther, leaf blade and pistil of riceAntherLeaf bladePistil**GA**Bioactive GAsGA~1~ND*[^a^](#TF1){ref-type="table-fn"}*2.10 ± 1.012.13 ± 0.54GA~4~295.63 ± 19.87^[b](#TF2){ref-type="table-fn"},[c](#TF3){ref-type="table-fn"}^ND34.61 ± 9.82GA precursorsGA~53~ND33.08 ± 11.162.25 ± 0.66GA~44~ND3.96 ± 2.640.58 ± 0.07GA~19~2.43 ± 0.3720.65 ± 8.916.32 ± 0.61GA~20~21.65 ± 2.586.05 ± 1.790.53 ± 0.11GA~24~16.11 ± 2.2017.77 ± 7.071.46 ± 0.61GA~9~88.56 ± 7.65ND10.62 ± 2.75Deactivated GAGA~8~NDNDND**IAA**Free IAA5,346.16 ± 1,230.1283.38 ± 36.6758.90 ± 21.64IAA conjugatesIAA-Ala142.63 ± 30.53NDNDIAA-IleNDNDNDIAA-LeuNDNDNDIAA-Asp3,231.08 ± 484.79NDNDIAA-Trp54.21 ± 8.19NDNDIAA-PheNDND.ND**CK**Bioactive CKiP0.50 ± 0.1921.82 ± 19.130.12 ± 0.00tZ2.53 ± 0.031.43 ± 0.630.31 ± 0.06PrecursorsiPRMP9.87 ± 4.7527.62 ± 21.874.69 ± 1.02iPR0.20 ± 0.0713.26 ± 12.050.04 ± 0.01tZRMP0.78 ± 0.050.27 ± 0.250.57 ± 0.28tZR1.23 ± 0.321.16 ± 0.500.13 ± 0.02Deactivated CKsiP7G0.81 ± 0.11NDNDiP9G10.73 ± 2.5814.94 ± 9.290.09 ± 0.00tZ7GNDNDNDtZOG3.03 ± 0.204.74 ± 3.330.67 ± 0.00tZROG0.83 ± 0.230.15 ± 0.110.19 ± 0.04tZRMPOGNDND0.02 ± 0.00**ABA**97.06 ± 28.81306.91 ± 141.9649.44 ± 6.06[^2][^3][^4]

Similarly, the amount of free IAA in the anther (936.60 ± 215.50 ng g^−1^ FW) was 64 and 90 times higher than that in the leaf blade and the pistil, respectively. Similar to GA~4~, such high accumulation of free IAA has never been observed in any other plant organs or tissues including rice (Hall and Medlow [@B31], Sweetser and Swartzfager [@B119], Schneider et al. [@B105], Katayama et al. [@B54]), indicating that the anther is a unique organ for IAA accumulation. To our knowledge, this is the first report on the direct measurement of IAA in the anther; however, Feng et al. ([@B23]) proposed that *Arabidopsis* anthers accumulate high levels of auxins at the late developmental stage, through expression analysis of the auxin-inducible marker *DR5:GUS* in transgenic *Arabidopsis*. These observations suggest that the accumulation of auxins in the anther at the late developmental stage is a common event in both rice and *Arabidopsis*.

The levels of isopentenyl adenine-type of CK (iP) and ABA were lower in the anther than the leaf blade, whereas the *trans*-zeatin-type of CK (tZ) was slightly higher in the anther. Taken together, the results suggest that IAA and GA have important roles during late stages of anther development, whereas the involvement of CK and ABA may not be as important.

Isolation of RNA from MS/POL and TAP cells of rice
--------------------------------------------------

To investigate the molecular mechanisms governing the unusually high accumulation of GA and IAA during anther development, the precise site and the timing of GA and IAA synthesis, as well as the subsequent signaling events during anther development were determined using an LM-array analysis. *Oryza sativa* cv. Nipponbare MS/POL and TAP were individually obtained from cross-sections of anthers at various developmental stages using the LM technique. Anther development was classified into seven stages based on the development of the male gametophyte: meiosis (MEI), tetrad (TET), uninuclear MS (UN), early bicellular POL (EBC), middle bicellular POL (MBC), late bicellular POL (LBC) and the TC (Suwabe et al. [@B118]). Unless stated otherwise, we combined the three bicellular POL stages (BC). A detailed description of the 44K LM-array analysis of rice MS/POL and TAP has been described by Suwabe et al. ([@B118]) in this special issue.

Analysis of genes related to phytohormones
------------------------------------------

Genes from the microarray data set that are thought to be involved in biosynthesis and signaling not only of IAA and GA but also of five other phytohormones were initially selected ([Supplementary Table S1](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)). For genes whose functions have only been studied in other plant species, the presumed orthologs in rice were used.

To avoid the generation of inaccurate data caused by unreliable basal signals, genes showing low signal intensities (SI \< log~2~7) in all of their stages analyzed were excluded from the analysis. The threshold value log~2~7 was determined based on the expression profiles of the *IAA/AUX* genes and *AUXIN RESPONSE FACTOR* (*ARF*) genes as reference (see 'Expression profile of IAA/AUX and ARF genes' for a detailed explanation). However, genes with an SI less than the threshold were included if their loss-of-function mutations are known to cause variable anther phenotypes, since this is indicative of their apparent involvement in anther development. Expression profiles of all of the phytohormone-related genes identified on the microarray slide are shown in the heat map data (**[Figs. 2](#F2){ref-type="fig"}, [4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}**, and [Supplementary figures](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)). Occasionally, different probes corresponding to the same gene can be found on the microarray slide. For these genes, Z-value data from different probes were averaged, and are represented in **[Figs. 1](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"}, [6--10](#F6 F7 F8 F9 F10){ref-type="fig"}** (figures illustrating the overall expression profile of each phytohormone). Additionally, because the SI is expected to differ depending on the probe used, comparison of expression levels between genes by SI may not, in a strict sense, be completely accurate. Hence, SI was used merely to reflect the relative differences in expression level among the genes when necessary. Fig. 1Representative gene expression profiles of the GA biosynthesis, deactivation and signaling pathways in the MS/POL and TAP of rice. Red and green colors indicate higher and lower expression, respectively. The color scale (representing the average log~2~ Z-value normalized by R software) is shown at the bottom. The letters 'Os' at the beginning of each gene are omitted for convenience. MS/POL, microspore/pollen; TAP, tapetum; MEI, meiosis, TET, tetrad stage; UN, uninuclear MS stage; BC, bicellular POL stage; TC, tricellular POL stage. Fig. 2Cluster analysis of expression profiles (presented as log~2~ Z-values) of rice GA biosynthesis, deactivation and signaling genes in the MS/POL and TAP. Genes were classified into Clusters I and II based on their specific expression patterns. Red and green colors indicate higher and lower expression, respectively. The color scale is shown at the bottom and the RAP-DB accession number and gene product names are shown on the right. EBC, early bicellular POL stage; MBC, middle bicellular POL stage; LBC, late bicellular POL stage. Other details are the same as in [Fig. 1](#F1){ref-type="fig"}. Fig. 3Representative gene expression profiles of the IAA biosynthesis and signaling pathways in the MS/POL and TAP of rice. Other details are as in [Fig. 1](#F1){ref-type="fig"}. Fig. 4Cluster analysis of expression profiles (presented as log~2~ Z-values) of rice IAA biosynthesis and auxin signaling genes in the MS/POL and TAP. Genes were classified into Clusters I--IV based on their specific expression patterns. Other details are as in [Fig. 1](#F1){ref-type="fig"}. Fig. 5Cluster analysis of expression profiles of rice *IAA/AUX* and *ARF* genes in the MS/POL and TAP. *IAA/AUX* genes are marked in light blue and *ARF* genes in dark blue. Genes were classified into Clusters I-1, I-2 and II-1 to II-5 based on their specific expression patterns. Other details are as in [Fig. 1](#F1){ref-type="fig"}. Fig. 6Representative gene expression profiles of the CK biosynthesis, deactivation and signaling pathways in the MS/POL and TAP of rice. Other details are as in [Fig. 1](#F1){ref-type="fig"}. Fig. 7Representative gene expression profiles of the BR biosynthesis, deactivation and signaling pathways in the MS/POL and TAP of rice. Other details are as in [Fig. 1](#F1){ref-type="fig"}. Fig. 8Representative gene expression profiles of the ethylene biosynthesis and signaling pathways in the MS/POL and TAP of rice. Other details are as in [Fig. 1](#F1){ref-type="fig"}. Fig. 9Representative gene expression profiles of the ABA biosynthesis, deactivation and signaling pathways in the MS/POL and TAP of rice. Other details are as in [Fig. 1](#F1){ref-type="fig"}. Fig. 10Representative gene expression profiles of the JA biosynthesis and signaling pathways in the MS/POL and TAP of rice. Other details are as in [Fig. 1](#F1){ref-type="fig"}.

The expression profile of GA biosynthesis and signaling genes
-------------------------------------------------------------

Bioactive GAs are synthesized from *trans*-geranylgeranyl diphosphate (GGDP). In the early steps of GA biosynthesis, GGDP is converted to GA~12~ by four enzymes, namely *ent*-copalyl diphosphate synthase (CPS), *ent*-kaurene synthase (KS), *ent*-kaurene oxidase (KO) and *ent*-kaurenoic acid oxidase (KAO). Subsequently, the later steps of GA synthesis, from GA~12~ or GA~53~ (a C-13-hydroxylated GA~12~ derivative), are catalyzed via two parallel pathways (the 13 non-hydroxylation and 13 hydroxylation pathways) through a series of oxidations by GA-20 oxidase (GA20ox) and GA-3 oxidase (GA3ox). GA20ox catalyzes conversion of GA~12~/GA~53~ to the immediate bioactive GA precursors GA~9~/GA~20~, which are further catalyzed by GA3ox to the bioactive GA~4~/GA~1~. The deactivation of GAs is accomplished by GA-2 oxidase (GA2ox). Two additional GA-deactivating enzymes, EUI and GAMT1/GAMT2, have recently been identified (Zhu et al. [@B146], Varbanova et al. [@B128]).

Once bioactive GAs are synthesized, they are perceived by the soluble GA receptor GID1 (Ueguchi et al. 2005). By perceiving GA, GID1 becomes capable of interacting with the DELLA protein (SLR1 in rice), a negative regulator of the GA response (Ikeda et al. [@B44]). SLR1 within the GA--GID1--SLR1 complex is then degraded through the SCF^GID2^ complex, resulting in GA responses (Sasaki et al. [@B104], Hirano et al. [@B37]). Apart from these signaling factors, additional components of the GA signaling pathway have also been identified. GAMYB (OsGAMYB in rice) acts downstream of the DELLAs as a positive *trans*-acting factor (Kaneko et al. [@B52], Tsuji et al. [@B126]), whereas SPINDLY (OsSPY in rice) negatively regulates GA signaling by controlling the function of the DELLA proteins (Jacobsen et al. [@B50], Shimada et al. [@B110]). Furthermore, SLRL1 and SLRL2 function similarly to SLR1 as repressors of GA signaling during the vegetative stages in rice. However, because both lack the domain necessary for GID1 interaction and are not degraded through GA signaling, they function as constitutive GA signaling suppressors (Itoh et al. [@B46]).

There are only single functional CPS, KS and KAO enzymes in rice. Although there are two functional KO enzymes (KO1 and KO2), KO2 functions dominantly in most tissues of rice, whereas KO1 is assumed to have virtually no role in GA biosynthesis (Itoh et al. [@B47], Sakamoto et al. [@B100]). GA20ox, GA3ox and GA2ox are encoded by four, two and seven genes in rice, respectively (Sakamoto et al. [@B100], Lee and Zeevaart [@B65], Nakamura et al. [@B84]). The probes corresponding to the *GA2ox2* gene, a gene that was expressed at an undetectable level in all of the tissues and organs analyzed (Sakai et al. [@B97]), was not arrayed on the slide. For *EUI*, five homologs were identified (*EUI* and *EUIL1*--*EUIL4*), whereas homologous genes for the *GAMT* genes were difficult to define clearly in rice and were thus excluded from the analysis. GA signaling factors GID1, SLR1 and GID2 are encoded by single genes. Additionally, there are two genes that are homologous to *OsGAMYB* (*GAMYBL1* and *L2*) that function similarly to *OsGAMYB* in the anthers (Tsuji et al. [@B126]). Two rice homologs of *SPINDLY*, *OsSPY* and *OsSEC*, have also been identified.

The overall pathway of GA synthesis and signaling, along with the expression profiles of genes with SIs higher than the threshold are presented in [**Fig. 1**](#F1){ref-type="fig"}, whereas clustering of all GA-related genes identified on the microarray slide is shown in [**Fig. 2**](#F2){ref-type="fig"}. In [**Fig, 2**](#F2){ref-type="fig"}, two clusters showing clear coordinated expression were observed. The expression of Cluster I genes was observed clearly restricted during the BC and TC stages of the POL. Interestingly, this cluster was composed of the complete set of genes required for the synthesis of bioactive GA (*CPS*, *KS*, *KO2*, *KAO*, *GA20ox3* and *GA3ox1*) and two genes (*GA2ox1* and *GA2ox4*) that are involved in the deactivation of bioactive GAs. In contrast to *GA20ox3*, the remaining *GA20ox* genes showed varying expression patterns in MS/POL ([**Fig. 1**](#F1){ref-type="fig"}). *GA20ox1* was preferentially expressed at the UN stage of MS; *GA20ox2*, whose loss-of-function mutant causes a dwarf phenotype (*sd1*; Sasaki et al. [@B103]), was expressed at the TC stage of POL; and *GA20ox4* was expressed at the earliest stage analyzed, the MEI stage. In the case of *GA3ox*, there is one other *GA3ox* gene in the rice genome, *GA3ox2.* Loss-of-function mutation in *GA3ox2* causes a severe dwarf phenotype (*d18*) in rice, indicating that it primarily functions during the vegetative stages (Itoh et al. [@B48]). In the present study, however, the SI of *GA3ox2* was low throughout the stages in both MS/POL and TAP ([Supplementary Fig. S1](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)), indicating that the gene is not importantly involved in GA synthesis in anther. *GA3ox2* was thus excluded in [**Fig. 1**](#F1){ref-type="fig"}. Taken together, the results suggest that GA20ox3 and GA3ox1 are the major late step enzymes responsible for the accumulation of GA~4~ during the TC stage of the anther. Although *GA20ox2* was predominantly expressed at the TC stage of the POL ([**Fig. 1**](#F1){ref-type="fig"}), its SI was lower than that of *GA20ox3* ([Supplementary Fig. S1](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)), further suggesting that GA20ox3 is the major GA20ox functioning in the mature POL. In summary, the high level accumulation of GA~4~ observed at later stages of anther may be attributed to the well-coordinated expression of all six GA synthetic genes (Cluster I genes) in the POL.

The expression of the two *GA2ox* genes, *GA2ox1* and *4*, which were classified into Cluster I, was also observed predominantly during the BC and TC stages of POL development, with *GA2ox1* recording a higher SI than *GA2ox4* and the other *GA2ox* genes ([Supplementary Fig. S1](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)). This suggests that GA2ox1 dominantly functions in the anther. *EUI* also showed predominant expression from the UN to the TC stage of the MS/POL and at the UN stage of the TAP ([**Fig. 1**](#F1){ref-type="fig"}). The expression of *EUI* in the anther was expected since EUI preferentially de-epoxidizes the 13-non-hydroxylated form of GAs (Zhu et al. [@B146]), and because rice uses GA~4~, rather than GA~1~, during the reproductive stage ([**Table 1**](#T1){ref-type="table"}).

The expression pattern of Cluster II genes showed an almost mirror image of those of Cluster I; preferential expression was observed at the early stages of MS/POL and constitutively in TAP. Cluster II contained all the GA signaling genes that are known to date (*GID1*, *SLR1*, *GID2*, *OsSPY* and *OsGAMYB*). This cluster also contained other genes such as *OsGAMYBL1*, *SLRL1* and *GA20ox1*. Other GA signaling genes such as *SLRL2* were preferentially expressed at the MEI and TET stages of the MS, and the MEI stage of the TAP ([**Fig. 1**](#F1){ref-type="fig"}). *GAMYBL2* was expressed preferentially at the UN stage of both MS and TAP.

The expression of early GA synthesis genes at a low level in TAP implies that GA may not be actively synthesized in the TAP. However, high level expression of GA signaling genes in the TAP throughout its development suggests that GA signaling actively functions in TAP cells. In fact, loss-of-function mutants of GA signaling genes show severe defects in TAP degradation (Aya et al. unpublished). Further, *GA20ox1* and *GA3ox1* genes showed predominant expression in TAP at the UN stage ([**Fig. 1**](#F1){ref-type="fig"}). These findings indicate that the expression of genes in the later steps of GA biosynthesis and GA signaling is important at least during the later stages of development prior to TAP degradation. There are two possibilities that may explain these incongruous observations. GA~12~ or GA~53~, the substrates of GA20ox, could be transported to the TAP from the other parts of the plant, which would allow them to be converted to bioactive GAs in the TAP. Alternatively, although an early GA biosynthetic step may not take place actively in the TAP, some amount of GA~12/53~ synthesized there could be efficiently catalyzed via the GA20ox1 and GA3ox1 enzymes, leading to the initiation of GA signaling.

The expression profile of IAA biosynthesis and signaling genes
--------------------------------------------------------------

### Expression profile of IAA synthesis and receptor genes

IAA is the predominant auxin. It has been proposed to be synthesized through tryptophan (Trp)-dependent and -independent pathways, although the Trp-dependent pathway is likely to be dominant (Zazimalova and Napier, [@B143]). Trp is synthesized from chorismate via several enzymes in the Trp biosynthetic pathway, including the rate-limiting enzyme anthranilate synthase, which is composed of the two subunits, ASA and ASB ([**Fig. 3**](#F3){ref-type="fig"}; Morino et al. [@B76], Stepanova et al. [@B115]). Several pathways describing the synthesis of IAA from Trp have been proposed, although not all have been established with certainty. In the most extensively studied pathway, a decarboxylated derivative of Trp, tryptamine, is converted to *N*-hydroxyl-tryptamine (NHT) by the YUCCA protein (a novel flavin monooxygenase), a step that is assumed to be one of the rate-limiting steps for auxin biosynthesis in *Arabidopsis* (Zhao et al. [@B144]). The pathway from NHT to IAA involves the conversion of NHT to indole-3-acetaldoxime (IAOx), followed by the conversion of IAOx to IAA via indole-3-acetonitrile (IAN) or indole-3-acetaldehyde (IAAld; Zhao et al. [@B145]). In *Arabidopsis*, an alternative pathway has been suggested to catalyze the conversion of Trp to IAOx. This pathway involves catalysis by the cytochrome P450 proteins CYP79B2/CYP79B3, although rice obviously lacks CYP79B2/CYP79B3 orthologs (Zhao et al. [@B145], Yamamoto et al. [@B137]). Recently, an enzyme from another pathway was identified in *Arabidopsis*: tryptophan aminotransferase-1 (TAA1), which catalyzes the conversion of Trp to indole-3-pyruvic acid (IPyA; Stepanova et al. [@B116], Tao et al. [@B123]). IPyA is further assumed to be converted to IAAld (Koga et al. [@B60]). Nitrilase (NIT) and IAAld oxidase 1 (AAO1) are thought to be involved in converting IAN and IAAld to IAA, respectively, but their biological functions have not been well defined (Normanly et al. [@B88], Seo et al. [@B108]). After IAA is synthesized, it is perceived by the F-box-containing auxin receptor, TIR1, or its homologs, AFBs (Dharmasiri et al. [@B17]).

The genes *ASA*, *ASB*, *TAA1*, *AAO1* and *NIT* are found in rice as two, two, four, three and two homologs, respectively. For *YUCCA*, eight homologs have been reported in rice, including *OsYUCCA1*--*OsYUCCA7*, and *COW1* (Woo et al. [@B133], Yamamoto et al. [@B137]), whereas for *TIR1/AFB*, five homologous genes have been identified. Among these IAA-related genes, *OsYUCCA2* and *3* probes were not included in the microarray slide.

The overall pathway of IAA synthesis and signaling, and the expression profiles of the relevant genes with SIs higher than the threshold are presented in [**Fig. 3**](#F3){ref-type="fig"}, whereas clustering of all IAA-related genes identified on the microarray slide are shown in [**Fig. 4**](#F4){ref-type="fig"}. Since IAA accumulates to high levels in the mature anther, we expected coordinated expression of IAA synthetic genes at the late stages of POL, similar to the case of GA synthesis genes. During the late stages of MS/POL development, one cluster of genes was preferentially expressed from the BC to TC stages (Cluster I). The preferential expression of these genes paralleled that of the GA synthetic genes (compare Cluster I in [**Fig. 4**](#F4){ref-type="fig"} with Cluster I in [**Fig. 2**](#F2){ref-type="fig"}). This cluster contains *OsASB2*, *OsYUCCA4* and *OsTAA1;4*, all of which have been reported to be involved in IAA synthesis in *Arabidopsis*. One IAA receptor gene homolog, *OsTIR1;5*, was also grouped in the same cluster. Two IAA receptor gene homologs, namely *OsTIR1;2* and *OsTIR1;3*, showed similar expression pattern to Cluster I; they were expressed from one of the three samples of the MBC to the TC stages of POL. Another cluster (Cluster II) was preferentially expressed during the EBC and MBC stages of POL and contains *OsASA1*, *OsASB1* and *OsNIT2.* Based on the expression profiles and analogy of these profiles to that of the GA synthesis genes, we inferred that the well coordinated expression of *OsASB2*, *OsYUCCA4* and *OsTAA1;4* (and possibly including *OsASA1*, *OsASB1* and *OsNIT2*) may be related to the unusually high level accumulation of IAA in mature anther and thus might have crucial roles in IAA synthesis in mature POL of rice.

Two other clusters, Cluster III and IV, showed preferential expression in TAP and modulated expression at the early stages of MS/POL ([**Fig. 4**](#F4){ref-type="fig"}). Cluster III included the possible IAA synthesis genes, *OsAAO2*, *OsTAA1;3* and *OsNIT1*, whereas Cluster IV included *OsYUCCA1* and *5* aside from the IAA receptor gene, *OsTIR1;1*. It is noteworthy that genes expressed in the TAP and at the early stages of MS/POL (Cluster III and IV), and genes actively expressed in the late stages of MS/POL (Cluster I) could be differentiated clearly. This suggests that rice uses different sets of genes within these cell types, although the importance of the synthesis genes classified into Cluster III and IV for IAA synthesis is not yet clear.

### Expression profiles of IAA/AUX and ARF genes

Clustering analysis of *OsIAA/AUX* and *ARF* genes was also performed. *IAA/AUX* and *ARF* are found in multiple copies in plants, and studies from *Arabidopsis* have shown that specific pair(s) of *IAA/AUX* and *ARF* functions depending on the tissue and developmental stage (Kepinski [@B56]). For example, *ARF5/MP*, *IAA12/BDL* and *IAA13* show overlapping expression at the provascular tissues during *Arabidopsis* embryogenesis, where they are assumed to function coordinately to regulate embryo pattern formation (Hamann et al. [@B33], Weijers et al. [@B132]). The identity of the pairs that work together in coordination is determined by both their transcriptional regulation and their protein function (Weijers et al. [@B132]). Therefore, we expected that cell type-specific expression profiling of *IAA/AUX* and *ARF* genes using LM-array analysis is an effective approach to identify initially specific pairs of IAA/AUX and ARF proteins.

In rice, *IAA/AUX* is composed of 31 members, whereas *ARF* has 25 members (Wang et al. [@B129], Jain et al. [@B51]). Probes corresponding to *OsIAA/AUX28* and *31*, and *OsARF5*, *8*, *20* and *22* were not included in the microarray slide ([Supplementary **Table 1**](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1), hereafter *OsIAA/AUX* genes are designated as *OsIAA*). We classified the *OsIAA* and *OsARF* genes into several clusters (Clusters I-1 to II-5) depending on their expression patterns ([**Fig. 5**](#F5){ref-type="fig"}). However, some genes (mostly those found in the upper region of the heat map in [**Fig. 5**](#F5){ref-type="fig"}) exhibited irregular expression patterns that did not cluster within any group. Such genes occasionally showed distinct expression levels even within the identical developmental stages. The raw heat map data for nearly all of the unclassified genes showed low SIs ([Supplementary Fig. S3](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)), indicating that low SI genes tend to result in inaccurate data caused by unreliable basal signals.

Analysis of expression patterns of *OsIAA/AUX* and *OsARF* genes allowed their rough classification into two clusters ([**Fig. 5**](#F5){ref-type="fig"}). Cluster I genes were preferentially expressed at the later stages of MS/POL development, whereas Cluster II genes were predominantly expressed in the TAP. Cluster I was further classified into two groups (I-1 and I-2). The I-1 group included *OsIAA15* and *OsARF14* and *25*, and was preferentially expressed from the MBC to the TC stages of POL development. Phylogenetic analysis of *Arabidopsis* and rice ARFs showed that OsARF25 falls into the same clade as AtARF8, a protein known to be involved in anther dehiscence (Nagpal et al. [@B78]). The specific expression of *OsARF25* at later stages of MS/POL development suggests that OsARF25 is also involved in the dehiscence of anther. The I-2 group included *OsIAA18* and *19* and was expressed from the LBC to the TC stage ([**Fig. 5**](#F5){ref-type="fig"}).

Cluster II genes were further classified into at least five groups, II-1 to II-5. The II-1 group (*OsIAA14* and *21*, and *OsARF16* and *19*) was preferentially expressed in TAP at the UN stage and also in MS/POL at the UN to EBC stages. The II-2 group included *OsIAA1* and *OsARF21*, whose expression mainly occurred in the MS at the MEI and TET stages and in the TAP at the UN stage, although *OsIAA1* expression was higher in one of three UN samples. The II-3 group (*OsIAA30* and *OsARF6*, *11* and *12*) was mainly expressed in the MS at the MEI and TET stages and in the TAP from the MEI to the TET stage, with reduced expression at the UN stage. The II-4 group (*OsIAA3*, *10*, *17* and *24*, and *OsARF15*) was constitutively expressed in TAP, but had low expression in MS/POL, with one of three TET and TC samples of MS/POL expressed at a relatively high level. The last group contained many *ARF* and *IAA/AUX* genes (*OsIAA5*, *6*, *7*, *13*, *16* and *23*, and *OsARF1*, *3*, *4*, *6*, *7*, *9*, *12*, *17*, *18*, *23* and *24*), whose expression mainly occurred in the TAP at all three stages and in the MS at the MEI and TET stages, although expression was lower than in the TAP. Because it is thought that specific pair(s) of IAA/AUXs and ARFs function coordinately in a spatial and temporal manner, *IAA/AUX* and *ARF* genes with similar expression patterns may function as pairs.

Gene expression of other phytohormone biosynthesis and signaling genes
----------------------------------------------------------------------

### CK

The initial step in CK synthesis is catalyzed by adenosine phosphate-isopentenyltransferase (IPT), which transfers the prenyl group of dimethylallyl diphosphate (DMAPP) to the *N*^6^ position of adenine nucleotides (ATP, ADP or AMP; [**Fig. 6**](#F6){ref-type="fig"}; Sakakibara [@B98]). One of the methyl groups on the prenyl side chain is then hydroxylated by CYP735A and, finally, the removal of ribose 5′-monophosphate by LONELY GUY (LOG) produces biologically active CKs (Kurakawa et al. [@B63]). Bioactive forms of CKs are in turn deactivated by cytokinin oxidase/dehydrogenase (CKX), thereby regulating the amount of bioactive CK (Ashikari et al. [@B4], Sakakibara [@B98]). Sakamoto et al. ([@B101]) reported that there are eight *IPT* genes in the rice genome: *OsIPT1--OsIPT8*. We eliminated *OsIPT2* and *4* from the analysis because of their low SIs, whereas *OsIPT1*, *5*, *6* and *8* probes were missing from the microarray slide. We found two homologs of *CYP735A* (*CYP735A3* and *A4*) in the rice genome, but both were missing from the slide. Although 11 homologs to the CK deactivation gene (*OsCKX1*--*OSCKX11*) were found, including *Gn1/OsCKX2*, which controls the number of grains per panicle (Ashikari et al. [@B4]), *Gn1/OsCKX2* and *OsCKX3*, *4* and *9* were eliminated because of low SIs, and *OsCKX6*--*OsCKX8* and *OsCKX10* probes were missing from the slide.

The expression of the CK synthesis genes *OsIPT3*, *OsIPT7* and *LOG* occurred predominantly during the early developmental stages and decreased at later stages in MS/POL, whereas the expression of the deactivating genes *OsCKX1*, *5* and *11* increased starting at the UN stage ([**Fig. 6**](#F6){ref-type="fig"}). This antiparallel expression pattern between CK synthesis and deactivating genes in MS/POL suggests that CK is actively synthesized in the early stages and then inactivated by CKX at a later stage. In contrast, in TAP cells, *OsIPT3* was preferentially expressed at the TET stage, *OsIPT7* at the MEI and UN stage, and *LOG* was moderately expressed. Overall, *OsCKXs* expression was once again observed at the UN stage, indicating that the deactivation of CK actively occurs in TAP at the UN stage. Although endogenous CK was detected in the anther of the TC stage, CK might accumulate to a higher level during the early stages of anther development.

The perception of CK in plants is mediated by a two-component signaling pathway. The binding of CK to histidine kinase (HK) receptors initiates phospho-relay signaling by transferring the phosphate group to the immediate downstream target histidine phosphotransfer protein (HP) and then to A- or B-type response regulators (A-type RRs or B-type RRs, respectively; Chow and McCourt. [@B14], To and Kieber [@B125]). Once the signal reaches the B-type RR, the transcription of CK-responsive genes including A-type RRs is promoted. In contrast, A-type RRs inhibit this pathway antagonistically by perceiving the phosphate group of the HP (Müller and Sheen [@B77], To and Kieber [@B125]). Based on the observation that ARR1 (an *Arabidopsis* B-type RR) promotes the expression of *ARR6* (A-type RR gene; Sakai et al. [@B96]), A-type RRs are suggested to function in preventing excess signal from being perceived by the CK-responsive genes. Overexpression of *OsRR6*, an A-type RR, abolishes shoot regeneration, which also suggests that the A-type RR acts as a negative regulator of CK signaling (Hirose et al. [@B38]). There are five *HK* homologs (*OsHK1*--*OsHK4* and *OsHKL1/OsCRL4*), five *HP* homologs (*OsHP1*--*OsHP5*) and 22 *RR* homologs in the rice genome (Ito and Kurata [@B49], Pareek et al. [@B93]). In our analysis, *OsRR7*, *8* and *12* probes were missing from the slide, *OsHKL1*, *OsRR1*, *3*, *4*, *5*, *11*, *13*--*16* and *20*--*22* were eliminated because of low SIs.

The expression of the CK receptor genes *OsHK1*--*OsHK3* occurred predominantly during the early developmental stages and decreased at later stages in MS/POL, whereas *OsHK4* was highly expressed not only at the MEI stage, but also at the TC stage. These receptor genes, however, were constitutively expressed in TAP. This expression pattern of the receptor genes is essentially the same as that of the CK synthesis genes in both MS/POL and TAP. The overall expression pattern of *OsHP* genes was similar to that of *OsHK* genes in both MS/POL and TAP, but the stage specificity of *OsHP* expression is less rigorous, and *OsHP3--OsHP5* were also expressed during the later stages in MS/POL. In the case of the *OsRR* genes, the expression pattern of the B-type genes resembled that of HK receptors. This expression pattern of B-type RR genes supports the above idea that CK synthesis and the following signaling occur actively during the early developmental stages and decrease at the later stages in MS/POL. A-type genes had an expression profile similar to that of other CK signaling genes, albeit less specific.

### BR

Based on phenotype studies of rice BR-related mutants and the presence of homologs of the BR synthesis genes of *Arabidopsis* (Hong et al. [@B40], Hong et al. [@B41], Hong et al. [@B39]), it has been thought that rice has a BR synthetic pathway similar to that of *Arabidopsis*. However, rice may not use the most bioactive BR found in other plant species, brassinolide, but rather may use its precursor, castasterone (CS; Nakamura et al. [@B83]). The early steps of BR synthesis are shared in part with the pathway of sterol synthesis, catalyzed by several enzymes such as SMT1, FACKEL, HYD1, DWF7, DWF5 and DIM ([**Fig. 7**](#F7){ref-type="fig"}; Clouse [@B15]). The importance of this pathway for BR synthesis in rice has been revealed by a loss-of-function mutant of rice *DIM* homologous gene, which shows a BR-deficient phenotype (Hong et al. [@B39]). The later steps that specifically function in BR synthesis are catalyzed by several enzymes including DET2, DWARF4/CYP90B1, D11/CYP724B1, D2/CYP90D2, CPD/CYP90A and DWARF/CYP85A1, finally producing a bioactive BR (Hong et al. [@B40], Hong et al. [@B41], Tanabe et al. [@B122], Ohnishi et al. [@B91], Sakamoto et al. [@B99]). Bioactive BR is, in turn, inactivated by another member of the cytochrome P450 group called BAS1 (Neff et al. [@B86], Ohnishi et al. [@B90]). In the rice genome, there are two homologous genes for each of *FACKEL*, *DET2* and *CPD/CYP90A*, and three for *BAS1*, whereas other enzymes are each encoded by a single gene. *OsDET2;1*, *OsDWARF4/CYP90B2*, *D2/CYP90D2, OsCPD2/CYP90A4*, *OsBAS1L1* and *OsBAS1L3* were eliminated from the analysis because of low SIs, although the loss-of-function mutant of *D2/CYP90D2* shows semi-dwarfism with typical BR-related phenotypes at the vegetative stage (Hong et al. [@B41]). This mutant produces normal POL, which are inherited normally by the next generation, indicating that *D2/CYP90D2* is not significantly involved in anther development.

In MS/POL, some of the genes for the early biosynthetic enzymes were preferentially expressed during the UN to TC stages without clear synchronization ([**Fig. 7**](#F7){ref-type="fig"}). *OsSMT1*, *OsFACKEL1*and *2*, and *OsDWF7* were highly expressed at the UN stage, and *OsHYD1* and *OsDWF5* at the TC stage. *OsDIM* was preferentially expressed at the TET and UN stages. In contrast, genes involved in the BR-specific pathway were expressed discretely. *OsDET2;2* was predominantly expressed at the TC stage, *D11/CYP724B1* at the UN stage, *OsCPD1/CYP90A3* at MEI, and *OsDWARF/CYP85A1* at the TET stage. The differential expression patterns of these BR synthesis genes raise the possibility that BR synthesis may not actively occur in MS/POL. In contrast, all of the genes were constitutively expressed in TAP. The gene for the inactivating enzyme (*OsBAS1L2*) showed preferential expression during the early stages of MS/POL development, but was constitutively expressed in TAP.

The perception of BR by the cell surface receptor BRI1 leads to the activation of BZR1/BES1, which are transcription factors that directly regulate the expression of BR-responsive genes. During this activation process, BAK1 and BSU1 act positively, whereas BKI1 and BIN2 negatively regulate BR signaling ([**Fig. 7**](#F7){ref-type="fig"}; Belkhadir et al. 2006, Li and Jin [@B68]). The rice genome contains one homolog each for *BKI1* and *BZR/BES1*, whereas there are four, two, two and two homologs for *BRI1*, *BAK1*, *BSU1* (*OsBSLs*) and *BIN2*, respectively. The loss-of-function mutant of a rice BRI1 homolog, *osbri1/d61*, shows a typical BR-insensitive phenotype (Yamamuro et al. [@B138]). Recent studies of OsBZR1/BES1 (Bai et al. [@B5]) and OsGSK1 (OsBIN2; Koh et al. [@B61]) further support the idea that rice has a signaling pathway similar to that reported for *Arabidopsis*. *OsBRL1--OsBRL3*, *OsBKI1* and *OsBIN2;4/OsSKetha* were eliminated from the analysis because of low SI levels.

Our microarray profiling demonstrated that most of the BR signaling genes were preferentially expressed during the early stages of MS/POL development and constitutively in TAP, except for *OsBIN2/OsGSK1*, which demonstrated an expression pattern with preferential expression at later stages of MS/POL development. Because the SI of *OsBIN2/OsGSK1* was high throughout the stages, *OsBIN2/OsGSK1* might be constitutively expressed during MS/POL development ([Supplementary Fig. S7](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)). *OsBAK1;2* also showed a different expression pattern, with predominant expression at the TC stage of POL, although it was also preferentially expressed at the early stages of MS/POL development and at all stages of TAP. Based on these observations, it appears that BR synthesis, signaling and deactivation occur actively and constitutively in TAP. Although the expression is ambiguous in MS/POL, the preferential expression of most of the BR signaling and deactivation genes in the early stages of MS/POL suggests some sort of biological relevance.

### Ethylene

Two protein families are required for ethylene synthesis ([**Fig. 8**](#F8){ref-type="fig"}). The first step, *S*-adenosylmethionine (SAM) to 1-aminocyclopropane-1-carboxylic acid (ACC), is catalyzed by ACC synthase (ACS), and ACC to ethylene is catalyzed by ACC oxidase (ACO; Hamilton et al. [@B32]). The rice genome contains six homologs for *ACS* and seven homologs for *ACO*. *OsACS3* and *4* probes were missing from the microarray slide, and *OsACS1*, *2* and *5*, and *OsACO4--OsACO7* were eliminated because of low SIs. With regard to the ethylene-related genes, the BC stage was further divided into three distinct stages because gene expression changed dramatically during this stage. During MS/POL development, *OsACS6*, and *OsACO2* and *3* were predominantly expressed from the LBC to TC stages, indicating that ethylene synthesis actively occurs during the later stages of POL development. Interestingly, the expression of *OsACO2* and *3* occurred moderately at the EBC stage, was decreased at the MBC stage and rapidly increased from MBC to LBC in a similar manner to the *ACS6* expression. In TAP, the expression of these genes was not clearly synchronized, but the SIs of *OsACS6* and *OsACO2* were strong ([Supplementary Fig. S9](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)). Thus, ethylene synthesis may also be active in TAP cells.

In the absence of ethylene, ethylene receptors activate CONSTITUTIVE TRIPLE RESPONSE-1 (CTR1), which is a negative regulator of ethylene signaling (Kieber et al. [@B57]). Upon ethylene perception, ethylene receptors and subsequently CTR1 are inactivated, which relieves the suppressive state of ETHYLENE INSENSITIVE2 (EIN2). EIN2 activates the downstream transcription factor EIN3, resulting in the expression of ethylene-responsive genes. The rice genome contains five homologs for ethylene receptors, two each for *CTR1* and *EIN2*, and seven for *EIN3*. *OsETR1;2*, *OsETR2;1*, *OsCTR1;2*, and *OsEIN3;5* and *6* were eliminated from the analysis because of their low SIs.

Overall, the expression of the ethylene receptors occurred in both MS/POL and TAP at all times ([**Fig. 8**](#F8){ref-type="fig"}). According to the raw microarray data, the SIs of *OsCTR1;1* and *OsEIN2;1* were relatively high throughout all stages analyzed (see [Supplementary Fig. S9](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)), although the Z-value data indicated reduced expression in the UN stage of MS for *OsCTR1;1* and the MBC to TC stages of POL for the *EIN2* homologs. The overall expression of the *EIN3* homologs was also observed in MS/POL and TAP at all times. In particular, high expression of *OsEIN3;1-- OsEIN3;3* was observed in TAP at the TET and UN stages, *OsEIN3;4* at the TC stage of POL, and *OsEIN3;7* in the EBC and MBC stages of POL. Similar to the *OsACO* genes, some of the *EIN3* homologs showed apparently reduced expression at the MBC stage. Except for the sudden decrease in expression for some genes during the MBC stage, these results indicate that ethylene synthesis and signaling occur in the MS/POL at the late stages and in TAP throughout anther development.

### ABA

In higher plants, ABA is synthesized from a β-carotene compound, zeaxanthin, which is epoxidized to all-*trans*-violaxanthin by zeaxanthin epoxidase (ZEP; [**Fig. 9**](#F9){ref-type="fig"}; Marin et al. [@B72]). Subsequent catalysis by neoxanthin synthase (NSY; ABA4) and 9-*cis*-epoxycarotenoid dioxygenase (NCED) produces xanthoxin (XHT) via two pathways where NCED acts as the rate-limiting enzyme of ABA synthesis during water deficiency (Schwartz et al. [@B106]). XHT is finally converted to ABA through a short-chain dehydrogenase/reductase (SDR) and aldehyde oxidase, which are encoded by *ABA2* and *AAO3* in *Arabidopsis*, respectively (Seo et al. [@B109], Cheng et al. [@B11], Gonzalez-Guzman et al. [@B27]). AAO3 requires a molybdenum cofactor (MoCo) for its catalytic activity, and mutations in the *Arabidopsis* MoCo biosynthesis gene *ABA3* lead to ABA deficiency (Xiong et al. [@B136]). Major deactivation of ABA is catalyzed by CYP707A, a subfamily of cytochrome P450 monooxygenase (ABA8OX), a reaction converting ABA to phaseic acid (Kushiro et al. [@B64]). Although ABA biosynthesis in rice has not been studied in depth, the loss-of-function mutant of the rice *ZEP* homolog (*OsZEP1*) shows an ABA-deficient phenotype (Agrawal et al. [@B1]). There are three, six and three paralogs of genes to *NCED* (*OsNCED1--OsNCED3*), *AAO3* (*OsAAO3;1--OsAAO3;6*) and *ABA8OX* (*OsABA8OX1--OsABA8OX3)* in rice, respectively, whereas *ZEP* and *ABA2*--*ABA4* are encoded by single genes. *OsZEP1*, *OsABA4*, *OsNCED2* and *3*, *OsAAO3;1--OsAAO3;3* and *OsABA3* were eliminated from the analysis because of low SIs. *OsAAO3;5* and *6* probes were absent from the microarray slide.

Our microarray profiling could not clearly define whether ABA was actively synthesized in the anther, because the analyzed ABA biosynthetic genes did not show synchronized expression ([**Fig. 9**](#F9){ref-type="fig"}). In MS/POL, *OsNCED1* was preferentially expressed at the MEI stage, *OsABA2* at the TET stage and *OsAAO3;4* at the TC stage. In TAP, the expression of all of the biosynthetic genes analyzed decreased at the UN stage. Genes that encode the deactivation enzymes, *OsABA8OX1* and *2*, were preferentially expressed at the UN stage of MS, and *OsABA8OX3* at the TET stage of MS; in TAP, they were preferentially expressed during the TET and UN stages. The antiparallel expression of ABA biosynthesis and deactivating genes during the UN stage of TAP suggests that the amount of ABA might be reduced during this stage.

Various components of the ABA signaling pathway have been identified in *Arabidopsis*; however, the complete map of ABA signaling has yet to be elucidated. Phospholipase D alpha (PLDα), SAPK, VP1 and TRAB-related bZIP proteins positively regulate ABA signaling, whereas phosphatase 2C (PP2C) proteins are negative regulators of ABA signaling (Gosti et al. [@B28], Yoshida et al. [@B141], Nijhawan et al. [@B87]). PLDα, PP2C, SAPK and TRAB-related bZIP protein are encoded by 13, 9, 10 and 14 genes, respectively, whereas VP1 is encoded by a single gene. *OsbZIP29* and *77* probes were missing from the microarray slide, and *OsPLDα3*, *6*, *8* and *10*, *OsPP2C7*, *SAPK10* and *OsbZIP9*, *24*, *62* and *69* were eliminated because of low SIs. Because *SAPK8--SAPK10* are the only *SAPK* genes known to be activated by ABA, *SAPK1--SAPK7* were not analyzed. The overall expression pattern of signaling factors was similar within each gene family, and most of the *OsPLDα* genes, *OsbZIP10* and *12* were preferentially expressed during the TC of POL development. Most of the *OsPP2C* genes, *SAPK9*, *TRAB1* and *OsbZIP23* were expressed in the TET of both MS and TAP. However, some genes showed different expression patterns. *OsVP1* showed high expression during the TC stage of POL and the UN stage of TAP, and *SAPK8*, *OsbZIP40* and *42* during the TC stage of POL and the TET stage of TAP. *OsPLDα1* and *OsbZIP72* were strongly expressed in TAP at all stages, *OsPLDα7* during MEI, *OsPP2C5* at the TC of POL, and *OsbZIP46* at the TET stage of TAP. ABA signaling may preferentially function in anthers during the TET and TC stages of MS/POL and the TET stage of TAP.

### JA

JA biosynthesis has been elucidated by studies of *Arabidopsis*. The α-linolenic acid, which is released from chloroplast membrane lipids by specific lipases, including DAD1 and PLA1 (Ishiguro et al. [@B45], Wasternack [@B130], Yang et al. [@B140]), is transformed to 12-oxo-phytodienoic acid (OPDA) by a series of enzymatic reactions involving chloroplast-localized lipoxygenase (LOX), allene oxide synthase (AOS) and allene oxide cyclase (AOC; [**Fig. 10**](#F10){ref-type="fig"}; Bell et al. [@B7], Feussner et al. [@B24], Maucher et al. [@B73], Ziegler et al. [@B147], Froehlich et al. [@B25], Stenzel et al. [@B114]). OPDA is then transported to the peroxisome and converted to JA by OPDA reductase (OPR), an acyl-activating enzyme (OPCL1), three cycles of β-oxidation by acyl-CoA oxidase (ACX), a multifunctional protein (MFP; AIM1) and 3-keto-acyl-CoA thiolase (KAT; Stintzi and Browse [@B117], Cruz Castillo et al. [@B16], Li et al. [@B66], Koo et al. [@B62], Wasternack [@B130]). JA is further modified by specific enzymes such as JAR1 (Staswick et al. [@B112], Staswick and Tiryaki. 2004) and JMT (Seo et al. [@B107]) to produce JA-isoleucine (JA-Ile) and methyl-JA (JA-Me), respectively. In yeast cells, JA-Ile promotes the interaction between the F-box protein CORONATINE-INSENSITIVE1 (COI1) and jasmonate ZIM-domain (JAZ) proteins (Xie et al. [@B135], Chini et al. [@B13], Thines et al. [@B124]), suggesting that JA-Ile may be the true biologically active compound (see below).

The rice genome contains five homologs for *DAD1* and *PLAI* (*OsDAD1;1--OsDAD1;4* and *OsPLA1*), five homologs for *LOX2* (*OsLOX2;1-- OsLOX2;5*) and two homologs for *AOS* (*OsAOS1* and *2*). There are six homologs for *JMT* (*OsJMT1--OsJMT6*) and three homologs for *JAR1* (*OsJAR1;1--OsJAR1;3*). The other homologous genes involved in JA synthesis were found as the single genes *OsAOC*, *OsOPR7*, *OsOPCL1*, *OsACX*, *OsAIM1* and *OsKAT. OsDAD1;2* and *4*, *OsLOX2;1* and *3--5*, *OsAOS1, OsJAR1;3* and *OsJMT2--OsJMT5* were eliminated from the analysis because of low SIs, whereas *OsDAD1;1, OsJMT6* and *OsJAR1;1* probes were missing from the microarray slide.

The microarray results suggest that the coordinated expression of the genes required for JA-Ile synthesis is not obvious in MS/POL, although it may occur actively in TAP at all stages. Of the *DAD1* and *PLA1* family, *OsDAD1;3* was expressed in MS/POL at MEI and the TET stage and in TAP at the TET stage, whereas *OsPLA1* was predominantly expressed during the TC stage of POL development. *OsLOX2;2* and *OsOPR7*, which catalyze the conversion of linolenic acid to 3-oxo-2-(2′-pentenyl)-cyclopentane-1-octanoic acid CoA (OPC-8:0-CoA), were highly expressed during the TC stage of POL development, whereas *OsAOS2*, *OsAOC* and *OsOPCL1* were primarily expressed in the early stages of MS/POL development. The SI of the *OsLOX2;2* gene, however, was much lower than those of the *OsAOS2*, *OsAOC* and *OsOPCL1* genes, suggesting that the reaction catalyzed by OsLOX2;2 might be the rate-limiting step in this metabolic pathway (see [Supplementary Fig. S13](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)). The genes involved in β-oxidation, i.e. *OsACX*, *OsAIM1* and *OsKAT*, were mainly expressed in MS/POL at the TET to BC stages, and constitutively in TAP. Their SIs were higher than those of the *DAD1*, *PLA1* and *LOX2* genes (see [Supplementary Fig. S13](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)). The SI of *OsJAR1;2* was high in both MS/POL and TAP, with the predominant expression occurring in MS/POL at the TC stage and in TAP at the UN stage. The SI of another JA modification gene, *OsJMT1*, was much lower than that of *OsJAR1;2* (see [Supplementary Fig. S13](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)). These results suggest that JA synthesis may occur in all three stages in TAP, while it may preferentially occur in MS/POL at the TC stage since *OsLOX2;2* is predominantly expressed at this stage.

In the JA signaling pathway, COI1 may function as a JA receptor and interact with the JAZ transcriptional repressors in the presence of JA-Ile, leading to the disruption of JAZ proteins through the 26S proteasome pathway (Thines et al. [@B124], Katsir et al. [@B55]). As a result of JAZ repressor disruption, the MYC2 transcription factor is able to regulate the transcription of JA-responsive genes (Boter et al. [@B9], Lorenzo et al. [@B70], Chini et al. [@B13]). In the rice genome, there is one homolog each for *COI1* (*OsCOI1*) and *MYC2* (*OsMYC2L*), and nine for *JAZ* (*OsJAZ1--OsJAZ9*). The *OsJAZ8* probe was missing from the microarray slide and *OsJAZ9* was eliminated from the analysis because of low SIs.

The expression of *OsCOI1* occurred predominantly at the TC stage in MS/POL development. Preferential expression during the TC stage of POL was also observed for *OsMYC2L*, indicating that JA signaling is active in MS/POL at the TC stage, consistent with the hypothesis that JA is actively synthesized during the TC stage of POL development. The active expression of JA signaling genes was also observed in TAP at all stages, although *OsMYC2L* was not actively expressed as evaluated using the Z-value data. The raw data, however, show high SI of *OsMYC2L* in TAP ([Supplementary Fig. S13](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)), suggesting that JA signaling is also active in TAP at all stages. In *Arabidopsis*, JA-responsive genes are regulated by several transcription factors, including AtMYC2 (an ortholog of OsMYC2L), ethylene response factor 1, WRKY70 and ORA fam­ily proteins (reviewed in Dombrecht et al. [@B19], Wasternack. [@B130]). The reduced expression of *OsMYC2L* in TAP may alternatively indicate that the expression of JA-responsive genes is enhanced by transcription factors other than OsMYC2L in TAP.

Discussion
==========

GA
--

### Role of GA biosynthesis during the later stages of MS/POL development

Chhun et al. ([@B12]) reported that GA biosynthesis mutations in rice are not transmitted as Mendelian traits to the next generation in self-pollinated F~1~ heterozygous plants. Namely, the penetration of the *GA* biosynthesis mutants (*oscps*, *osks*, *osko2* and *oskao*) in the F~2~ generation is significantly lower than the expected frequency of 1 : 3. Further investigation showed that the reduced penetration is caused by defects in POL germination and POL tube elongation of the mutant POL in the F~1~ plants. However, although GA signaling is also necessary for proper POL germination and its tube elongation, the penetration of GA signaling mutants such as *gid1*, *gid2*, *slr1* and *gamyb* was normal. Based on these observations, Chhun et al. ([@B12]) proposed that GA signaling proteins expressed prior to meiosis are inherited (carried over) to the haploid POL and are necessary for POL germination and its tube elongation, whereas GA biosynthetic enzymes are not inherited or are inherited only at low levels and consequently need to be expressed after meiosis depending on the genome of the MS. In the present study, the observation of a high level of GA~4~ accumulation in the mature anthers ([**Table 1**](#T1){ref-type="table"}) supports the idea that GA synthetic enzymes carried over to POL are not sufficient to synthesize such a large amount of GA~4~.

Our microarray data allowed us to make a detailed presumption about how the inheritance of GA-related proteins is determined. Genes that encode the enzymes that catalyze the initial steps of GA biosynthesis (CPS, KS, KO2 and KAO) were expressed at very low levels in MS during MEI. In contrast, GA signaling genes (*GID1*, *SLR1*, *GID2*, *OsGAMYB* and *OsSPY*) were predominantly expressed during the early stages of microsporogenesis. These findings strongly support the hypothesis that the inheritance of GA-related proteins in POL is determined by whether or not the corresponding genes can be expressed prior to MEI. Except in aleurone cells, the non-overlapping expression patterns between GA synthesis and signaling genes are an unusual phenomenon during the entire life cycle of rice and are also unusual for many tissues and organs of rice where synchronized expression of GA biosynthesis and signaling are commonly observed (Kaneko et al. [@B53]). The high level of GA~4~ accumulation in the anther at the TC stage, and high expression of GA biosynthetic genes at the later stages of MS/POL development without the synchronized expression of GA signaling genes, is suggestive that GA~4~ synthesized during these stages might not be used immediately, but kept as a storage GA until POL germination and POL tube elongation.

### Different roles of GA20 and GA3 oxidases in different rice organs

Our LM-array profile indicated that *GA20ox3* and *GA3ox1* are dominantly involved in bioactive GA synthesis in the POL during the BC and TC stages where GA~4~ accumulates to an extraordinarily high level ([**Table 1**](#T1){ref-type="table"}, and **[Figs. 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}**). It is noteworthy that rice uses different sets of GA20 and GA3 oxidases for the production of bioactive GA at the vegetative stage: *GA20ox2* (*SD1*) and *GA3ox2* (*D18*; Itoh et al. [@B48], Sasaki et al. [@B103]). Such differential usage of GA20 and GA3 oxidases may be related to the difference in the dominant bioactive GA between the vegetative and anther tissues, i.e. the rice vegetative tissues dominantly use GA~1~, whereas the rice anther uses GA~4~ ([**Table 1**](#T1){ref-type="table"}). A differential expression pattern of *GA3ox* genes has also been observed in *Arabidopsis*, which contains four *GA3ox* genes (*AtGA3ox1--AtGA3ox4*) (Mitchum et al. [@B75]). The expression of *AtGA3ox1* was observed throughout plant development, whereas *AtGA3ox2* was expressed mainly during seed germination and vegetative growth, and *AtGA3ox3* and *AtGA3ox4* were predominantly expressed in the flowers and silique. In stamens, *AtGA3ox1* was expressed in the anther filament, whereas other oxidases were expressed in the anthers and in the MS/POL (Mitchum et al. [@B75], Hu et al. [@B42]). Although it has not been investigated, an interesting possibility is that GA20ox3 and GA3ox1 in MS/POL have higher affinities for the 13-non-hydroxylated GAs such as GA~12~ and GA~9~, whereas GA20ox2 (SD1) and GA3ox2 (D18) prefer 13-hydroxylated GAs such as GA~53~ and GA~20~.

Auxin
-----

Our LM-array analysis demonstrates that the expression of *OsASB2*, *OsYUCCA4* and *OsTAA1;4* is synchronously induced at the later stages of POL development (**[Figs. 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}**). At present, it is not yet clear how IAA is synthesized in rice, although lines of evidence pointing to the importance of some YUCCA genes in IAA synthesis in the vegetative organs of rice have been reported (Woo et al. [@B133], Yamamoto et al. [@B137]). The well coordinated expression of the Cluster I genes suggests their involvement in the high level accumulation of IAA in the mature POL, thus implicating that reactions catalyzed by YUCCA and TAA1 enzymes (each catalyzing different IAA synthetic pathway) are important steps in IAA synthesis of rice anthers. Cluster III and IV, including *OsTAA1;3* and *OsYUCCA1* and *5*, whose expression pattern is almost a mirror-image of Cluster I, suggest that different sets of IAA synthesis genes are used in a cell type-specific manner similar to *GA20ox* and *GA3ox* in the case of GA synthesis. Similar to biosynthetic genes, the expression of *OsTIR1* varied depending on the developmental stage. This is consistent with the differential expression pattern of *TIR1* and *AFB1--AFB3* in *Arabidopsis* anthers (Cecchetti et al. [@B10]).

Several studies have suggested the importance of auxin during anther development. In the floral organs of *Arabidopsis*, for example, auxin predominantly accumulates in the MS/POL and the TAP, with the highest levels of accumulation occurring during mitosis (Feng et al. [@B23]). When the bioactive auxin level decreased in the anther through the overproduction of IAAL (an enzyme that converts free IAA to IAA-lysine conjugate), the development of the POL following the mitotic division is inhibited, resulting in a reduced number of mature POL (Feng et al. [@B23]). Furthermore, treatment of *Torenia fournieri* with IAA stimulates POL tube growth, causing tubes to be slender and straighter, possibly by disorganization of cellulose microfibrils in the tube (Wu et al. [@B134]). Additionally, loss of the function of all four auxin receptors in *Arabidopsis* results in the precocious maturation of the POL, anther dehiscence and reduced filament elongation (Cecchetti et al. [@B10]), indicating that auxin signaling is also required during anther development. Our data are consistent with these observations. Significantly high accumulation of free IAA in mature anthers and the preferential expression of IAA synthetic genes and *TIR1* homologs at the later stages of MS/POL development, support the idea that IAA synthesized in the POL is crucial for POL maturation, and the subsequent POL germination and tube elongation.

From the expression pattern of *IAA/AUX* and *ARF* genes, we propose possible pairs of IAA/AUX and ARF proteins in the anther to be those that occurred in the same group (i.e. I-1 to II-5). Despite their importance, the combinations of IAA/AUXs and ARFs that function during each plant developmental stage have only been partly identified even in *Arabidopsis* due to functional redundancies among these genes (Okushima et al. [@B89], Overvoorde et al. [@B92]). Expression profiling using laser microdissected cells, which is expected to show very specific expression patterns of *IAA/AUX* and *ARF* genes, may be an efficient way to identify specific pairs of IAA/AUXs and ARFs initially.

Gene expression of other phytohormone biosynthesis and signaling genes
----------------------------------------------------------------------

### CK

There are currently only a few reports concerning the role of CK in the anther. When CKX was specifically expressed in transgenic maize under the control of anther-specific and POL-specific promoters, both resulted in male sterility (Huang et al. [@B43]), suggesting that CK is required during male organ development in both the sporophytic and gametophytic tissues. Our results support this hypothesis; endogenous CKs were detected in the mature anther to some extent, and CK synthesis and perception genes were also actively expressed in both developing MS/POL and TAP. Our results further suggest that CK synthesis preferentially occurs during the early stage of MS/POL and that active CK is deactivated by CKX in the later stages of MS/POL development. The production of CK during MEI to the UN stage might be related to meiosis and mitosis of MS/POL, but the deactivation of CK at the later stage in POL is an unexpected but interesting phenomenon that apparently differs from the rapid increase in production of GA and IAA. Thus, it will be interesting to investigate the biological significance of this unique deactivation of CK in the later stages of POL development.

### BR

BR was initially identified in POL of rape (*Brassica napus*); several BRs were later isolated from POLs of various plant species (Grove et al. [@B29], Mandava et al. 1988). Further, biological functions of BR in POL were confirmed by the promotion of POL tube elongation in *Prunus avium* in vitro (Hewitt et al. [@B35]). The *Arabidopsis* BR-deficient and -insensitive mutants *cpd* and *bri1*, respectively, fail to produce viableseed because of male-sterile POLs (Szekeres et al. [@B120], Li and Chory [@B67]). These observations suggest that BR is accumulated in POLs and functions in POL tube elongation. However, we found no clear trend in the expression of BR synthesis genes, especially in the BR-specific pathway during the POL developmental stages, which is in clear contrast to the synchronized expression of GA and IAA synthesis genes during the later stages of POL development. This leads us to suspect that there is active BR production in developing rice MS/POL. Supporting this speculation, all of the rice BR-deficient mutants, including *osdwarf*, *d11*, *d2* and *osdim*, are inherited normally from the F~1~ plants to the F~2~ generation, in contrast to the GA synthesis mutants (Hong et al. [@B40], Hong et al. [@B41], Hong et al. [@B39], Tanabe et al. [@B122]). This indicates that gametophytic BR synthesis is not necessary for POL fertility. Further studies should be conducted to clarify the importance of BR for rice POL development.

In contrast to MS/POL cells, genes for BR synthesis and signaling were highly expressed in TAP cells. Ariizumi et al. ([@B3]) found that BR is important for exine layer formation in *Arabidopsis* POL. The *det2* mutant has a defect in the initial step of exine formation, although this defect is restored at later stages. The major constituent of exine, sporopollenin, is supplied from TAP cells in both *Arabidopsis* and rice, so it is possible that in rice, BR functions in POL wall layer formation in TAP through the regulation of sporopollenin synthesis or transport.

### Ethylene

There are currently only a few descriptions of the role of ethylene in anther development, with the exception of its role in anther dehiscence for the release of POL (Davies [@B18]). The introduction of a constitutively active form of the melon ethylene receptor into tobacco under the control of an anther-specific promoter caused a reduced number of POL grains and a delay in the programmed cell death (PCD) of TAP cells (Takada et al. [@B121]). Because ethylene is a key regulator of PCD (Drew and Morgan 2000, Rubinstein [@B94], Young 2000, Gunawardena and Arunika 2008), these observations suggest that ethylene is involved in the PCD of TAP cells. The preferential expression of ethylene signaling genes in TAP, especially at the TET and UN stages, supports this idea, although clear induction of *ACS* expression was not observed in TAP cells at this stage. It is possible that ethylene is produced in other cells of the anther and that the ethylene level in locules increases, or, alternatively, the *ACS* expression is sufficient for ethylene production in TAP under the increased expression of *OsACO2.*

### ABA

Although active ABA synthesis and signaling in the anther was not clearly demonstrated, the reduced expression of ABA synthetic genes and the elevated expression of genes encoding the ABA-deactivating enzyme at the late developmental stages of TAP suggest that the level of ABA might be reduced at these stages. Since ABA is known to suppress PCD of aleurone cells (Fath et al. [@B22]), induction of its deactivation enzymes at the late stages of TAP development may have a significant role in promoting PCD in TAP cells. Additionally, our microarray analysis revealed an interesting expression pattern for *OsVP1*. The transcription factor OsVP1 is required for the activation of ABA-regulated genes during embryo maturation, and its expression is not normally detectable during the vegetative stages (Nakagawa et al. [@B81]). We observed a significant level of *OsVP1* expression at the TC stage of the POL and at the UN stage of the TAP, suggesting that *OsVP1* may have functions in these cells.

### JA

The microarray results imply that JA synthesis and signaling are active in TAP at all stages, suggesting that JA is important for TAP development. In MS/POL, although we could not clearly demonstrate the synthesis of JA from the Z-value heat map, observation of SI data suggested that JA might be preferentially synthesized at the TC stage. Ishiguro et al. ([@B45]) and Sanders et al. ([@B102]) reported that the specific expression of *AtDAD1* and *AtOPR3* in *Arabidopsis* occurs in the anther filament such that JA synthesis preferentially occurs in anther filaments but not in MS/POL or TAP. They also hypothesized that JA synthesized in the filaments regulates water transport in the stamens to induce anther dehiscence and desiccation of the locule, resulting in POL maturation. However, biologically active JA derivatives were identified in POL of *Pinus mugo* and *Petunia hybrida*, and in anthers of *Camellia* species (Yamane et al. [@B139], Knöfel et al. 1995, Miersch et al. [@B74]). Further, these JA derivatives inhibited POL germination and its tube elongation to maintain POL dormancy (Yamane et al. [@B139], Knöfel et al. 1995). These observations strongly suggest that high levels of JA localized in the anther and MS/POL may function in a cell-autonomous manner. Inconsistent observations between *Arabidopsis* and these other plant species led us to speculate that the JA/COI1 signaling pathway may function differently in distinct developmental processes depending on the plant species, as previously discussed by Li et al. ([@B69]).

### Involvement of phytohormones during anther development

Our comprehensive transcriptome analyses of genes related to seven phytohormones suggest important functional roles for each phytohormone at each specific stage of MS/POL and TAP development. We schematically present the assumed changes in the concentration of each hormone in MS/POL in [**Fig. 11**](#F11){ref-type="fig"}. IAA, GA and ethylene synthesis genes showed preferential expression during later stages of POL development in MS/POL ([**Fig. 1--4**](#F1 F2 F3 F4){ref-type="fig"},and[**8**](#F8){ref-type="fig"}; see also [**Fig. 11**](#F11){ref-type="fig"}), and, consistently, significant high level accumulation of free IAA and GA~4~ was actually observed in the anther of the TC stages. In contrast, the reduced expression of GA signaling genes in the later stages implies that GA synthesized during the BC and TC stages is not used immediately, but is stored for later POL germination and POL tube elongation events. In fact, GA produced at the late stages of POL development is necessary for POL germination and its tube elongation in rice (Chhun et al. [@B12]). On the other hand, CK synthesis genes had a unique expression pattern among the analyzed phytohormones, with active expression limited to the early stages of MS development. The predominant expression of deactivation genes (*CKX* genes) at the later stages of MS development further suggests that CKs are deactivated after the UN stage. In contrast to IAA and GA, non-coordinate expression of genes encoding the BR synthesis enzymes suggests that BR may not be actively synthesized in MS/POL. For ABA and JA, we also could not define clear patterns of synthesis from the Z-value heat map, whether they were synthesized or not. However, although the SIs may not accurately reflect the absolute expression of the genes, the raw heat map data suggest that ABA biosynthetic genes are also relatively well expressed during anther development and, consistent with our hypothesis, ABA was detected in the TC stages of anthers. Similarly, expression of JA synthesis was suggested from the raw heat map data. Other types of analysis are necessary to confirm our observations. Fig. 11Schematic representation of changes in phytohormone levels in the MS/POL during development, as predicted from the microarray data. vn; vegetative nucleus, gc; generative cell.

In TAP, although the relative activities of the different phytohormones varied, synthesis and signaling appeared to occur for all of the phytohormones analyzed, indicating that they actively function in TAP. These findings are in contrast to those for MS/POL. The expression of ethylene and JA synthesis genes in TAP and preferential expression of ABA deactivation genes at late stages of TAP are consistent with previous reports of the function of ethylene and JAs in the PCD of TAP cells and of ABA inhibiting the PCD of aleurone cells (Fath et al. [@B22]).

Clear differences in the expression profiles of MS/POL and TAP demonstrate the powerfulness of LM technology when combined with global transcriptome analysis. This strategy should be applicable to other tissues, plant developmental stages and sets of genes, thereby providing better accuracy and deeper insight into the dynamics of plant development.

Materials and Methods
=====================

Plant materials
---------------

Rice (*O. sativa* L. ssp. *japonica* cv. Nipponbare) plants were grown in a greenhouse under normal conditions. Samples were collected from various stages of developing anthers. The developmental stages were confirmed by microscopy. The BC stage was further classified into EBC (early BC), MBC (middle BC) and LBC (late BC) stages by observing the expression profiles of the genes during the BC stage; samples that showed relatively similar expression to the UN stage were designated as EBC, similar expression to the TC stage as LBC and the remainder as MBC (Suwabe et al. [@B118]). Whole anther, the leaf blade and the pistil of the TC stage were used for phytohormone quantification.

Quantification of phytohormones
-------------------------------

About 100 mg (fresh weight) of each plant part was subjected to analysis. Quantification of phytohormones was performed as described (Nakagawa et al. [@B80], Hirano et al. [@B36], Naito et al. [@B79]) using a liquid chromatography--mass chromatography system (UPLC/Quattro Premier XE; Waters) with an ODS column (AQUITY-UPLC BEH-C~18~, 1.7 μm, 2.1 × 100 mm, Waters).

Laser microdissection, isolation and linear amplification of mRNA, and microarray analyses
------------------------------------------------------------------------------------------

Sections of rice anther in each developmental stage were laser microdissected using the PixCell II LCM system (Arcturus, Mountain View, CA, USA) according to the manufacturer\'s instructions and the methods of Nakazono et al. ([@B85]). Total RNA was quantified using a Quant-iT™ RiboGreen RNA reagent and assay kit (Invitrogen). We used a rice genome 44K oligo microarray containing approximately 42,000 oligonucleotides synthesized based on the nucleotide sequence and full-length cDNA data of the Rice Annotation Project (RAP; http://rapdb.dna.affrc.go.jp/). Fluorescent probe labeling, hybridization and scanning were performed according to the manufacturers' instructions. Microarray data were analyzed statistically for variance stabilization (VSN) and mean − SD (Z) scaling, using R software (<http://www.r-project.org/>). Cluster analysis was performed using the Cluster and TreeView software (Eisen et al. [@B21]). Please refer to the methods of Suwabe et al. ([@B118]) in this special issue for descriptions of experimental procedures.

Identification of phytohormone-related genes in rice
----------------------------------------------------

The identification of rice phytohormone biosynthesis and signaling genes whose functions have only been studied in other plant species was conducted through BLAST searches (Altschul et al. [@B2], http://rapdb.dna.affrc.go.jp/tools/blast) using the genes of other plant species as queries. Genes that were obtained from the BLAST search and query sequence were aligned using ClustalW version 1.81 (http://align.genome.jp/), followed by manual alignment. A neighbor-joining (NJ) tree (Saitou and Nei [@B95]) was obtained (http://align.genome.jp/sit-bin/clustalw); sequences that had the closest phylogeny to the query sequences were assumed to be orthologs of rice genes ([Supplementary Table S1](http://pcp.oxfordjournals.org/cgi/content/full/pcn123/DC1)).
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BC

:   bicellular POL stage

BR

:   brassinosteroid

CK

:   cytokinin

GA

:   gibberellin

JA

:   jasmonic acid

MEI

:   meiosis

MS

:   microspore

PCD

:   programmed cell death

POL

:   pollen

SI

:   signal intensity

TAP

:   tapetum

TC

:   tricellular POL stage

TET

:   tetrad stage

UN

:   uninuclear MS stage

[^1]: ^3^These authors contributed equally to this work.

[^2]: ^a^ND, not detected.

[^3]: ^b^Endogenous phytohormone levels (pmol g^−1^ FW) in each plant part.

[^4]: ^c^Measurements were performed in triplicate and the mean values ± SD are shown.
